We have analyzed the requirement for Drosophila cdc2 kinase during spermatogenesis after generating temperature-sensitive mutant lines (Dmcd&) by re-constructing mutations known to result in temperature sensitivity in fission yeast cdc2+. While meiotic spindles and metaphase plates were never formed in Dmcdc2" mutants at high temperature, chromosomes still condensed in late spermatocytes and spermatid differentiation (sperm head and tail formation) continued. The same phenotype was also observed in twine and twine, Dmcdc2& double mutant testes, consistent with the idea that the cdc2 kinase activity required for meiotic divisions is activated by the Twinefcdc25 phosphatase. Confirming this notion, we iind that ectopic expression of the StringlcdcZS phosphatase, which is known to activate the cdc2 kinase before mitosis, results in a partial rescue of meiotic divisions in twine mutant testis.
Introduction
Chromosomes are segregated during both mitotic and meiotic M-phase, although following distinct rules. Only sister chromatids are segregated in mitosis which is alternating strictly with S-phase and does not alter ploidy. Meiosis, however, involves two successive rounds of chromosome segregation (the reductional division segregating homologs and the equational division segregating sister chromatids). These two meiotic divisions are not separated by S-phase and, consequently, they result in a reduction of ploidy. Moreover, meiosis in higher eukaryotes is integrated with differentiation of highly specialized gametes which are characterized by extreme sexual dimorphism. In contrast to male gametes, female gametes characteristically contain extensive stockpiles for early embryonic development.
In oocytes, progression through meiosis is co-ordinated with maturation and fertilization in ways that differ considerably in diverse organisms. The regulation of meiotic M-phase must be different, therefore, from the regulation of the mitotic M-phase, and different also in males and females. The regulation of mitosis is understood in considerable detail (for a recent review see Solomon, 1993; King et al., 1994) . Studies in a variety of eukaryotes have revealed a set of evolutionary conserved mitotic regulators. Entry into mitosis is triggered by the activation of G2-cyclin/ cdc2 kinase complexes. The activity of these complexes is controlled by phospho-and dephosphorylation of the cdc2 kinase subunit at various sites. Phosphorylation of a distinct threonine residue by the cyclin Wcdk7 complex is required for activation. Conversely, phosphorylation of a threonine and a tyrosine residue in the ATP binding site (T14 and Y15) by the weel-, mikl-, and additional unknown kinases inhibits cdc2 kinase activity. The cdc25 phosphatase removes these inhibitory phosphates and thereby activates the kinase. While activation of the kinase is required for entry into mitosis, inactivation is required for exit from mitosis. Inactivation of cdc2 kinase activity during mitosis involves the rapid, ubiquitindependent proteolysis of the regulatory GZcyclin subunits during metaphase.
Observations in a variety of distantly related organisms have emphasized the similarities in the regulation of mitotic and meiotic M-phase (for reviews see Minshull, 1993; Mailer, 1994; Maro et al., 1994; Matten and Vande Woude, 1994; Meijer and Mordret, 1994) . However, relatively little progress has been made in the analysis of the specific modifications causing the characteristic differences between mitotic and meiotic divisions, or between male and female meiosis. In vertebrates, the c-mos kinase has been identified as an important regulator of female meiosis (for a recent review see Matten and Vande Woude, 1994) . In Drosophila, a meiotic cdc25 phosphatase has been identified recently (Alphey et al., 1992; Courtot et al., 1992; White-Cooper et al., 1993) . The twine gene encoding this cdc25 phosphatase is transcribed exclusively before meiosis in male and female germ cells (Alphey et al., 1992; Courtot et al., 1992) . A missense mutation in the catalytically important HC-motif of the Twinelcdc25 phosphatase has been shown to result in complete sterility in homozygous mutant males and females. An initial characterization of mutant testes and ovaries has clearly revealed meiotic division defects. While meiotic divisions are never observed in mutant spermatocytes (Alphey et al., 1992; Courtot et al., 1992; White-Cooper et al., 1993) , aberrant divisions still occur in mutant oocytes (Courtot et al., 1992; White-Cooper et al., 1993) . These aberrant divisions in mutant oocytes might be driven by the other known Drosophila cdc25 phosphatase which controls mitotic divisions and is encoded by the string gene (Edgar and O'Farrell, 1990; Edgar et al., 1994b) . Oocytes but not spermatocytes contain abundant stockpiles of string mRNA for the early embryonic mitoses (Alphey et al., 1992; Courtot et al., 1992) .
Since the highly homologous Stringlcdc25 phosphatase is known to dephosphorylate cdc2 kinase (Edgar and O'Farrell, 1990; Dunphy and Kumagai, 1991; Gamier et al., 1991; Edgar et al., 1994b) , Twine/cdc25 phosphatase is likely to act on the same substrate. However, in higher eukaryotes like Drosophila (Lehner and O'Farrell, 1990) and humans (Meyerson et al., 1992) , several cdc2-like genes have been identified raising the possibility that a distinct cdc2-like kinase might be the target of Twinelcdc25 phosphatase. To address this question, we have analyzed the meiotic role of the kinase encoded by the Dmcdc2 gene. The Dmcdc2 kinase associates with GZcyclins (cyclin A and B) and is required for mitotic divisions but apparently not for S-phase (Knoblich and Lehner, 1993; Stern et al., 1993) . With the help of temperature-sensitive lines which we obtained after reconstructing mutations known to cause temperature sensitivity in S. pombe cdc2, we demonstrate that the Dmcdc2 kinase is required for both meiotic divisions during spermatogenesis.
Moreover, additional observations indicate that the meiotic Dmcdc2 kinase function is activated by Twinefcdc25 phosphatase.
Results

Construction of temperature-sensitive Dmcdc2 lines
As a directed approach to generate Dmcdc2& alleles, we re-constructed some of the mutations which are known to result in temperature sensitivity in Schizosaccharomyces pombe (S. pombe) cdc2+. We selected mutant changes in highly conserved regions (Fig. 1A) All these alleles result in lethality in combination with the deficiency Df(2L)J27 which deletes Dmcdc2 (Stern et al., 1993) . We determined whether the transgenes were able to rescue this lethality. The results of these complementation tests are summarized in Table 1 . According to these results, all four constructs were found to provide tempera- .ACAG
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Fig. 1. Temperature-sensitive mutations in Dmcdc2 (A) Mutations in conserved regions which correspond to known temperature-sensitive alleles of S. pombe cdc2+ were re-constructed in the Drosophila gene by site-directed mutagenesis and are indicated above the putative amino acid sequence of the Dmcdc2 kinase. Bold indicates residues identical in human, Drosophila, S. pombe cdc2 and S. cerevisiae CDC28. The mutations G43E. P131.8, A17lT. and G177E correspond to S. pombe cdc2-M35, cdc2-M26lM55, cdc2-33, and cdc2-561130, respectively (Carr et al., 1989) . (B) The mutation present in the Dmcdc2B47 allele was determined. The Dmcdc2B47 mutation destroys the splice consensus sequence at the 5' end of the first intron in Dmcdc2. DmcdcZB4' was used in combination with the Dmcdc2*"lT transgene for the construction of the Dmcdc2& stocks. ture-sensitive Dmcdc2 activity, although temperature sensitivity was moderate with some of the constructs. The G177E construct provided little activity at low temperature (1S'C) as well. In contrast, the P131S and the G43E constructs clearly still retained some activity at high temperature (29°C). The fourth construct A171T displayed the most extensive temperature sensitivity. No rescue (not even in the hypomorphic background Dmcdc22'6Pl Djj'2L)J27) was observed at high temperature, and efficient rescue (even in amorphic backgrounds Dmcdc2B47/ Df(2L)J27 or Dmcdc2E1-231Df2L)J27) was observed at low temperature. While one copy of the A171T transgene in amorphic Dmcdc2 backgrounds was sufficient for viability and female fertility at 18°C male fertility required more than two copies (see below).
S. Sigrisr et al. I Mechanisms of Development 53 (1995) 247-260
For a biochemical demonstration of the temperature sensitivity, we constructed a line homozygous for the Dmcdc2B47 allele with four copies of the A17lT transgene (in the following designated as Dmcdc2ts4X). Dmcdc2B47 was chosen, because this allele is characterized by a mutation in the 5' splice consensus sequence of the first intron (Fig. 1B) . No full length product is expected to be expressed from this allele. Accordingly, immunoprecipitations from Dmcdc2's4X embryo extracts with anti C-terminal peptide antibodies should contain exclusively Dmcdc2 A171T kinase. Kinase activity present in such immunoprecipitates was measured at different temperatures using histone Hl as a substrate (Fig. 2) . These experiments demonstrated that the Dmcdc2A171T kinase activity is temperature-sensitive in vitro. The ratio between Dmcdc2A171T and wild-type Dmcdc2 kinase activity decreased rapidly with increasing temperature (Fig.  2C ).
The Dmcdc2 kinase is required for both meiotic divisions
The Dmcdc2's allele allowed an evaluation of the Dmcdc2 kinase requirement during meiotic divisions. Meiotic divisions during spermatogenesis can be readily analyzed in squash preparations of testis (for a recent detailed description of spermatogenesis see Fuller, 1993 Squash testis preparations of Dmcdc2&4X males raised and kept at 18°C contained many cysts with 64 postmeiotic spermatids with clearly recognizable Nebenkerns (Fig. 3A) . These cysts of wild-type appearance clearly indicated that both meiotic divisions had occurred. All subsequent stages of spermatogenesis also appeared normal in many cysts consistent with the fact that the Dmcdc2@4X males were fertile at 18°C. In addition to these normal cysts, abnormal cysts containing only 32 cells with features that are normally observed only after meiosis I and II (Nebenkern, sperm tail elongation) were also present (not shown). In testis of Dmcdc2ts2X males (with only two copies of the Dmcdc2A17'T construct), no normal cysts with 64 postmeiotic spermatids were observed consistent with the fact that these males were sterile even if kept continuously at 18°C. All cysts with postmeiotic features contained only 32 cells (Fig. 3B ). The size of Nebenkern and nucleus which is known to be inversely correlated with the number of the meiotic divisions was clearly larger in these 32 spermatid cysts than in 64 spermatid cysts (compare Fig. 3A ,B). When Dmcdc2ts2X (data not shown) or Dmcdc2ts4X males ( Fig.   3C ) were shifted to 29°C after eclosion, testis were found to contain cysts with 16 spermatids characterized by the presence of Nebenkerns indicating that neither of the two meiotic divisions has occurred. The size of Nebenkern and nuclei was also consistent with a complete failure of both meiotic divisions (Fig. 3C) . Interestingly, despite the apparent absence of meiotic divisions, spermatid differentiation (sperm head and tail formation) continued surprisingly normally in Dmcdc2'" testis at high temperature (see below).
Spermatogenesis is known to be sensitive to elevated temperatures. A temperature of 29°C can result in male sterility in some Drosophila stocks. However, in the white (w) stock, which served as a genetic background for the construction of the Dmcdc2@ lines, the meiotic divisions appeared normal when males were raised under identical experimental conditions as the Dmcdc2" males (not shown). Moreover, the 16 spermatid cysts were also observed in Dmcdc2ts2X and 4X testis after a shift to only 27°C which does not affect spermatogenesis in standard Drosophila stocks.
A temporal analysis indicated that the failure of the meiotic divisions in Dmcdc2ts mutants at high temperature was not the indirect consequence of defects caused earlier in spermatogenesis (for details see Section 4). In these experiments, we monitored the emergence of 16 cell cysts with postmeiotic features in Dmcdc2's2X males every 24 h after shifting up the temperature from 18°C to 27°C. In order to ascertain that the scored 16 cell cysts were at a stage where meiosis should have had occurred, we considered only 16 cell cysts with clear signs of sperm tail elongation, a stage which in wild type is observed only 2 days after the meiotic divisions (Lindsley and Tokuyasu, 1980) . Such differentiating 16 cell cysts were Fig. 3 . Dmcdc2 is required for both meiotic divisions during spermatogenesis Phase contrast micrographs of cysts in squash preparations of testis from either Dmcdc2's4x males at 18°C (A), Dmcdc2's2x males at 18°C (B), or Dmcdc2's4x males at 29°C (C). The cysts encircled by the broken lines are at the early elongation stage (which follows after the two meiotic divisions in wild-type spermatogenesis) and contain either 64 (A), 32 (B) or 16 cells (C) . The reduction in cell number and the increase in size of nucleus (arrows) and Nebenkem (arrowheads) indicates that only one meiotic division occurs in Dmcdc2"2x males at 18°C (B) and no meiotic divisions in Dmcdc2's4x males at 29°C (C). Bar in A is 20 pm.
first observed on day 3 after shift up and increased in number during the next 2 days. The kinetics with which these aberrant 16 cell cysts appeared indicated that a complete block of meiotic divisions had occurred within the first day after shift up. In summary, our analyses in Dmcdc2" testis demonstrate that Dmcdc2 kinase is required for both meiotic divisions.
Loss of Twine/cdcZS phosphatase and Dmcdc2 kinasefunction have indistinguishable phenotypic consequences
In addition to Dmcdc2 kinase, the Twine/cdc25 phosphatase is known to be required for meiotic divisions in Drosophila (Alphey et al., 1992; Courtot et al., 1992; White-Cooper et al., 1993) . The String/cdc25 phosphatase, which activates the Dmcdc2 kinase before entry into mitosis (Edgar and O'Farrell, 1990; Dunphy and Kumagai, 1991; Edgar et al., 1994b) is not expressed in spermatocytes (Alphey et al., 1992; Courtot et al., 1992) . In spermatocytes, therefore, the Dmcdc2 kinase is likely to be activated by the Twinelcdc25 phosphatase. We have tested this idea, first by a careful compaiison of the phenotypes resulting from loss of either Dmcdc2, twine or both. As predicted by the hypothesis that Twinelcdc25 phosphatase activates Dmcdc2 kinase in male meiosis, we were unable to observe consistent phenotypic differences. The results described below for DmcdcZ"2x males raised and kept at 29°C for 7 days after eclosion (Fig. 4) also apply in the case of twine and double mutant testis (data not shown, for details see Section 4).
The morphology of mature spermatocytes as revealed by phase contrast microscopy and DNA labelling appeared indistinguishable from controls (Fig. 4A , see also Fuller, 1993) . Cells with characteristic features that are observed during the meiotic divisions (chromosome segregation after DNA labelling, and by phase contrast microscopy a symmetric distribution of membranes and mitochondria surrounding the spindle which itself is not detectable; see Fuller, 1993) were never observed in the mutants. Surprisingly, however, as described previously in the case of rwine (White-Cooper et al., 1993) , chromosome condensation still occurred also in Dmcdc2&2x spermatocytes.
In addition to spermatocyte nuclei with decondensed DNA in three characteristic domains (Fig.  4B, arrows) presumably corresponding to the second, third and the sex chromosomes (Fuller, 1993) , we also observed cells with three prominent, condensed DNA spheres (Fig. 4D ), and cells with condensed DNA concentrated in a single sphere (Fig. 4F) . Cells containing condensed DNA always had additional features which in controls (see Fuller, 1993) were only found either immediately before (lack of a nucleolus) or after the meiotic divisions (presence of a Nebenkern). The large Nebenkern present in the mutants (Fig. 4E,F) was usually deformed and much less regular than the perfectly spherical Nebenkern which is assembled in wild-type spermatids immediately after meiosis (see Fuller 1993) . Later events of spermatid differentiation which follow after Nebenkern formation in wild-type spermatogenesis were also initiated in the mutants. Sperm tail elongation as well as the characteristic chromatin de-and re-condensation accompanying sperm head formation were readily observed (Fig. 4D,F,H) . Motile sperm, however, was never observed.
While not completed successfully, meiotic divisions might still be initiated in the twine, DmcdcP, or double mutants as suggested by the observed chromosome condensation.
We therefore analyzed additional meiotic processes (Fig. 5 ). After double labelling with antitubulin and anti-cyclin A antibodies, meiotic divisions were readily detectable in control testis. Early in meiosis, when chromosome condensation had started, prominent cytoplasmic microtubule asters were observed in each spermatocyte (Fig. 5A,B) . At this stage, cyclin A labelling was present predominantly in the cytoplasm (Fig.  5C ). Later in pro/metaphase I, when spindles were clearly present (Fig. 5D ), cyclin A labelling was distributed throughout the cell (Fig. 5F ). After metaphase I, cyclin A labelling was no longer detectable, and only background levels were observed in telophase I (Fig. 51) . Interestingly, re-accumulation of cyclin A before meiosis II was not apparent (Fig. 5L) , and also at later stages, metaphase II (Fig. 50 ) and telophase II (Fig. 5R) , we observed only a very weak nuclear labelling with the anti-cyclin A antibody. A very weak nuclear labelling is also observed with this antibody in cyclin A mutant embryos which cannot express cyclin A (C.F. Lehner, unpublished observation). This labelling, therefore, presumably reflects a weak cross-reaction of the antibody.
While meiotic spindle formation and abrupt cyclin A degradation during metaphase I were readily detectable in control testis, we never observed these processes in either Dmcdc2's2x mutant testis at high temperature (data not shown) or in twine mutant testis (Fig. 6) . The prominent cytoplasmic asters of microtubules which are present in late control spermatocytes with condensed chromosomes were also detected in mutant spermatocytes (Fig. 6D) , but meiotic spindle asters with connections to the condensed bivalents were never detected. Moreover, instead of being abruptly degraded, cyclin A persisted and was still detectable in cells at the early stages of sperm tail elongation (Fig. 61) . After whole mount-labelling of testes, the persisting cyclin A was found to be predominantly nuclear in late stages where a Nebenkern was already present. Eventually, however, cyclin A disappeared also from twine and Dmcdc2" mutant spermatids despite the absence of meiotic division (data not shown). In summary, our observations indicate that twine and Dmcdc2 are required for meiotic spindle formation. The differentiation processes, however, which occur after the meiotic divisions in wild type and result in sperm head and tail formation, continue surprisingly normally in twine, Dmcdc2's, and double mutants despite the absence of meiotic divisions.
Hyperphosphorylated Dmcdc2 kinase is enriched in twine mutant testis
The apparent identity of the twine, Dmcdc2, and double mutant phenotypes is consistent with the idea that Dmcdc2 kinase is the target of the Twine/cdc25 phosphatase. According to this idea, a hyperphosphorylated form of Dmcdc2 kinase is expected to accumulate in twine mutant testis. We were able to compare the phosphorylation status of Dmcdc2 kinase in twine and wildtype testis by immunoblotting, because phosphorylation of Dmcdc2 kinase results in characteristic gel mobility shifts (Edgar et al., 1994b) . As expected, a band with the same mobility as the hyperphosphorylated form of Dmcdc2 kinase that is present in the G2-phase in embryos (Fig. 7, lane 2) and is known to be enriched in string mutant embryos (Edgar et al., 1994b) , was found to be enriched in twine mutant testis (Fig. 7, lane 4) . As expected in case of hyperphosphorylation, this low mobility form was converted to the high mobility form by phosphatase treatment (Fig. 7, lane 5) .
The mitotic String/cdc2.5 phosphatase restores spindle formation in twine mutant testis
The hyperphosphorylated Dmcdc2 kinase present in the G2-phase of the mitotic cycle is known to be a specific substrate of the String/cdc25 phosphatase. Moreover, the dephosphorylation caused by the Stringicdc25 phosphatase results in the activation of the Dmcdc2 kinase and triggers entry into mitosis (Edgar and O'Farrell, 1990; Edgar et al., 1994b) . In order to test whether the String/cdc25 phosphatase which normally is not expressed in spermatocytes is able to restore entry into meiosis in twine mutant testis, we crossed a transgene allowing expression of the Stringicdc25 phosphatase under the control of a heat shock promoter into the twine mutant background. labelling ( Fig. 8) . We found that entry into meiosis was clearly restored as evidenced by the presence of spindles (Fig. 8D,G) . Surprisingly, this rescue of meiotic divisions was not dependent on previous heat treatment. Low level expression of the Hs-string tsansgene in the absence of heat treatment has been noted previously during embryogenesis (Edgar and O'Farrell, 1990 ; K. Weigmann and C.F. Lehner, unpublished observation). While entry into meiosis was restored by the Hs-string transgene, completion was still defective. The characteristic rapid degradation of cyclin A was observed and chromosome segregation occurred (Fig. 8E,F,H,I ). However, cytokinesis after meiosis I failed completely and no second division followed. As a result, therefore, nuclei were present in characteristic pairs in all cysts during the stages of spermatid differentiation (Fig. 8K) . Interestingly, entry into these aberrant meiotic division appeared to be triggered at the correct stage of spermatogenesis. Premeiotic spermatocytes appeared completely normal, and after whole mount-labelling, the aberrant divisions were found to occur at the first turn of the testis, where meiotic divisions normally occur during wild-type spermatogenesis.
Discussion
Temperature-sensitive Dmcdc2 alleles
Many genes of higher eukaryotes are used at several developmental stages. Temperature-sensitive mutations in such genes provide a powerful tool to analyze their function at different developmental stages. In yeast, haploid genetics and replica plating allow an efficient isolation of temperature-sensitive alleles. In case of S. pombe cdc2+, over 20 ts alleles have been isolated and many have been characterized molecularly (Carr et al., 1989; MacNeill and Nurse, 1993 and references therein). The Drosophila cdc2 kinase shares 65% amino acid identity with S. pombe cdc2 kinase and can complement mutations in S. pombe cdc2+ (Lehner and O'Farrell, 1990) . Unfortunately, our converse attempts complementing Dmcdc2 mutants with S. pombe cdc2+, were not successful. Transgenes with S. pombe cDNAs encoding either wild-type or ts cdc2 kinase under the control of a Dmcdc2 promoter fragment were unable to rescue the lethality of Dmcdc2 mutants, while the same promoter fragment in combination with the Dmcdc2+ cDNA was clearly sufficient for rescue (data not shown). As a further, directed approach to generate Dmcdc2& alleles, we introduced some of the mutations identified in S. pombe into the Drosophila gene by site-directed mutagenesis.
We selected mutant changes in the most conserved regions which result in temperature sensitivity in vivo and in vitro in S. pombe. We assumed that these mutations were most likely to have the same properties in Drosophila which can be raised within a similar temperature range as 5. pombe. Of the four mutations tested, Dmcdc2A171T displayed the most extensive temperature sensitivity. The antibody used for the biochemical analysis displays a very low level of cross-reactivity with DmcdQc (K. Sauer and C.F. Lehner, unpublished observations) and perhaps other unidentified cdc2-like kinases. The residual histone Hl kinase activity measured at 30°C (Fig. 2B) , therefore, might not necessarily reflect Dmcdc2*r7rT kinase activity. In vivo, a shift to 29°C resulted in a block of mitotic divisions in the embryo (S. Sigrist and C.F. Lehner, unpublished data) and of meiotic divisions as shown here. While we cannot exclude that Dmcdc2*i7iT kinase retains some residual activity at 29"C, all our observations demonstrate that shifting up the temperature inactivates kinase activity substantially. As the amino acid residue A171 is found in a region highly conserved not only in cdcZlike kinases but also in many others including the MAP kinase family (Hanks and Quinn, 1991) , the strategy of generating temperaturesensitive alleles described here is likely to be useful in other cases.
Dmcdc2 function in meiosis
The temperature-sensitive transgene allowed an analysis of the Dmcdc2 requirement during spermatogenesis. Our observations clearly demonstrate that the Dmcdc2 kinase is required for both meiotic divisions. Previously, the requirement of cdc2 kinase during male meiotic divisions has not yet been tested directly in higher eukaryotes where cdcZlike kinases are encoded by a gene family. However, a number of studies have shown that an experimental activation of cdc2 kinase is sufficient to trigger entry into meiosis in oocytes of many species. The single cdc2 homolog of budding yeast, CDC28, is also required for both meiotic divisions (Shuster and Byers, 1989) . In fission yeast, cdc2+ is clearly required for meiosis II, but its involvement in meiosis I is not clear (Niwa and Yanagida, 1988; Grallert and Sipiczki, 1990) .
Based on our previous analyses of embryonic and imaginal cell divisions during Drosophila development (Stern et al., 1993) , we assume that the premeiotic mitoses in the germ line, the stem and gonial cell divisions which we have not analyzed in detail, are also dependent on Dmcdc2 kinase. Interestingly, we found that the differentiation processes (sperm head and tail formation) which occur after meiosis in wild-type spermatogenesis were initiated in Dmcdc2" mutants even in the absence of meiotic divisions.
An uncoupling of spermatid differentiation from meiotic divisions was noted previously in twine mutants (Courtot et al., 1992 , White-Cooper, 1993 . The apparent identity of the twine and Dmcdc2 mutant phenotypes is consistent with the idea that the Dmcdc2 kinase activity required for meiotic divisions is activated by the cdc25 phosphatase encoded by the twine gene. Our additional observations corroborate this notion. First, a phosphorylated form of DmcdQ kinase is enriched in twine mutant testes. This phosphorylated Dmcdc2 kinase has the same electrophoretic mobility as the form enriched in string mutant embryos. The string gene encodes a cdc25 phosphatase which activates the Dmcdc2 kinase before mitosis by removing inhibitory phosphate modifications from amino acid residues (T14 and Y15) in the ATP binding site of cdc2 kinase (Edgar and O'Farrell, 1990; Dunphy and Kumagai, 1991; Edgar et al., 1994b) . Second, this String/cdQS phosphatase, which normally is not expressed in spermatocytes, is able to restore entry into meiosis in twine mutants if expressed ectopically from a transgene.
The fact that the String/cdc25 phosphatase supported only one defective division in twine testis presumably reflects subtle differences in the functional properties of the meiotic Twine/cdc25 phosphatase and the mitotic String/cdc25 phosphatase. Defective divisions were also observed previously in twine mutant oocytes (Courtot et al., 1992; White-Cooper et al., 1993) . Twine mutant oocytes contain endogenous string mRNA, because oogenesis in contrast to spermatogenesis is accompanied by stockpiling of string mRNA for early embryogenesis. The String/cdc25 phosphatase, therefore, might be responsible for entry into defective meiotic divisions also in twine mutant oocytes. Alternatively, the only available mutation in twine might not lead to a complete loss of function, and residual activity might still allow entry into meiosis in oocytes. However, the mutation is known to be in a very conserved motif of cdc25 phosphatases containing catalytically active residues, and genetic tests have failed to reveal residual function, as no phenotypic differences in homozygous or hemizygous carriers of the mutation were noted.
In twine as well as in Dmcdc2 mutants, chromosomes condense in spermatocytes apparently at the same stage and to a similar extent as observed in wild-type spermatocytes before meiosis. This chromosome condensation might depend on residual Dmcdc2 kinase activity present in these mutants. While we cannot exclude this interpretation, we emphasize that twine, Dmcdc2ts double mutants, which are expected to have even less residual Dmcdc2 kinase activity, have a phenotype indistinguishable from the single mutants. Chromosome condensation before meiosis might therefore be independent of Dmcdc2 kinase activity, in contrast to chromosome condensation during mitosis which is thought to be induced by cdc2 kinase activity at the same time as spindle formation. In oocytes, chromosomes condense clearly long before activation of cdc2 kinase and meiotic spindle formation. Moreover, sperm head formation which is accompanied by chromatin condensation continues in twine and Dmcdc2& mutants in the absence of meiotic divisions. The chromosome condensation observed in twine and Dmcdc2ts mutant testis might therefore correspond to a condensation process which normally occurs after meiosis. Similarly, the depolymerization of the nuclear lamina which has been described in twine mutants (WhiteCooper, 1993 ) might also correspond to the reorganization process which usually occurs after meiosis during spermatid differentiation.
Transcriptional regulation of String/cdc25 phosphatase expression controls the time of entry into the embryonic cell divisions (Edgar and O'FarreH, 1990; Edgar et al., 1994a,b) . We have previously shown that the timing of meiotic divisions is not determined by the transcriptional regulation of the meiotic Twine/cdc25 homolog (Courtot et al., 1992) . Accordingly, it is not surprising that the defective meiotic divisions which are observed in twine mutants carrying the Hs-string transgene are triggered at the correct stage of spermatogenesis.
Three genes (always early, cannonball, spermatocyte arrest) which are required for spermatogenic development beyond the mature spermatocyte stage have been identified recently (Fuller, 1993) . Neither meiotic divisions nor spermatid differentiation is observed in the corresponding mutants. These genes, therefore, appear to act upstream of twine and Dmcdc2. Moreover, the roughex gene has been implicated in the regulation of Dmcdc2 kinase activity in meiosis (Gonczy et al., 1994) . In roughex mutant testis, meiosis II is followed by an additional aberrant division and the resulting sterility can be suppressed by lowering the cyclin A gene dose. Further analyses in Drosophila will reveal the mechanisms which trigger entry into meiosis during spermatogenesis and control the activity of Twineicdc25 phosphatase and Dmcdc2 kinase.
Experimental procedures
Fly stocks and genetics
The deficiency Dfl2L)J27, the Dmcdc2 alleles (Dmcdc2E47, Dmcdc2E'-23, and Dmcdc2216p), the twine allele (twineHB5) and the Hs-string stock (w; P[w+, HsstringllTM3) have been described previously (Schiipbach and Wieschaus, 1989; Edgar and O'Farrell, 1990; Alphey et al., 1992; Courtot et al., 1992; Stern et ai., 1993) . Additional transgenic fly lines were constructed by P element-mediated germ line transformation according to standard procedures with the pCaSpeR 4 constructs described below.
For the complementation tests, transgene insertions on the third or the X chromosome were first crossed into the background of w; Df(2L)J27, 
Plasmid constructions and sequence analyses
For the generation of transgenic lines expressing S. pombe cdc2 cDNAs under the control of the Drosophila Dmcdc2 promoter, we first modified a 5.8 kb genomic Hind111 fragment which was previously shown to contain the complete DmcdcZ+ gene (Stern et al., 1993) . This genomic fragment was cloned into Bluescript KS+. By site-directed mutagenesis, we introduced a NcoI site encompassing the initiation codon of Dmcdc2. Moreover. while the BglII site immediately 5' of the polyadenylation signal of the Dmcdc2 gene was left intact, we removed the second BglII site present in the 5.8 kb Hind111 fragment. We replaced the NcoI-BglII fragment in the resulting plasmid (containing the complete coding sequence and the two introns) by fragments containing S. pombe sequences obtained by PCR from either wild-type or temperature-sensitive cdc2 cDNAs with primers introducing NcoI and BglII sites at the 5' and 3'ends, respectively. The cDNAs corresponding to the S. pombe cdc2-M26 and cdc2-48 alleles were kindly provided by P. Nurse and K.
Labib (Department of Biochemistry, University of Oxford). In addition, for control lines, we also made an analogous construct with a PCR fragment amplified from the Drosophila Dmcdc2 cDNA. In all constructs, the coding region was sequenced to exclude the presence of PCR artefacts. The modified Hind111 fragments were excised from Bluescript KS+ using Not1 and XhoI and transferred into the corresponding sites of the pCaSpeR 4 vector.
For re-constructing S. pombe cdc2ts mutations in the Drosophila Dmcdc2 gene, we also used the 5.8 kb genomic Hind111 fragment rescuing the Dmcdc2 mutants. Mutations were introduced into this fragment by site-directed mutagenesis in Bluescript KS+ and confirmed by sequence analysis. The Hind111 fragment was then transferred into the CaSpeR 4 vector. The corresponding S. pombe cd~2'~ alleles have been described and characterized (Booher et al., 1989; Carr et al., 1989; Moreno et al., 1989; MacNeill et al., 1991) .
Sequence analysis was done with a Sequenase kit (USB). The sequence of the Dmcdc2B47 allele was determined as described previously for other Dmcdc2 alleles (Stern at al., 1993) . Sequence analysis of the 5.8 kb genomic Hind111 fragment revealed a frame shift in the region encoding the C-terminus of the Dmcdc2 kinase. We do not know whether this frame shift represents a naturally occurring polymorphism or whether it resulted artefactually during preparation or screening of the genomic library. This frame shift changes the putative C-terminal amino acid sequence reported by Lehner and O'Farrell (1990) from . . .NGFQSGLVRN-stop to . . .NGFNRAstop. Both C-terminal sequences are compatible with Dmcdc2 function, since both the Hind111 fragment containing the frame shift as well as the Hind111 fragment with the coding sequences replaced by the originally described cDNA are able to rescue Dmcdc2 mutants (Stern et al., 1993 ; and dam not shown). Moreover, both Cterminal sequences are still recognized by the antibody raised against a C-terminal DmcdQ peptide (Knoblich et al., 1994) which were used for the immunoprecipitation experiments described below. However, the affinity of this antibody for the short C-terminus is reduced four-fold according to tests with bacterially expressed proteins (data not shown).
Immunoprecipitation and immunoblotting experiments
Immunoprecipitations with anti-Dmcdc2 antibodies and determination of histone Hl kinase activity was done as described previously (Knoblich et al., 1994) except for the following modifications.
Embryo extracts were prepared from 2-6 h embryos in NP-40 buffer (RIPA buffer as described in Knoblich et al. (1994) without sodium deoxycholate and SDS). For immunoprecipitation of Dmcdc2A'71T kinase, increased amounts of embryo extract and anti-Dmcdc2 antibodies were used. Aliquots of immunoprecipitates containing equal amounts of Dmcdc2 and Dmcdc2A171T kinase (as confirmed by immunoblotting with a monoclonal antibody against the PSTAIR motif) were used in histone Hl kinase assays. Aliquots were preincubated for 45 min at either 18, 22.5, 25 or 30°C in the absence of ATP. Incubations were continued for 45 min after addition of ATP (29 PM final concentration) and [y-32P]ATP (5 PCi, 3000 Ci/mmol).
After SDS-PAGE, histone Hl kinase activities were quantified with the help of a PhosphoImager (Molecular Dynamics).
Immunoblotting was done as described in Knoblich et al. (1994) . For the analysis of Dmcdc2 in testis, we dissected 30 testes from either w or twineHB5/twineHB5 males in Drosophila Ringer's solution (182 mM KCl, 46 mM NaCl, 3 mM CaCl*, 10 mM Tris-HCl, pH 7.2). The apical ends where the mitotic divisions of the germ line cells occur were cut off and discarded. Testes were then homogenized in 40~1 of homogenization buffer (15 mM PIPES, pH 6.1, 2.25 mM MgC12, 0.075% Nonidet NP-40, 150 mM NaCl, 1.5 mM PMSF, 3 pglml aprotinin, 1.5 pgl ml leupeptin) and 20~1 of potato acid phosphatase (Sigma) were added to yield a final concentration of 0.3~g/~l.
Half of the sample was removed and phosphatase inhibitors were added to a final concentration of 20 mM in case of NaF and 3 mM in case of NaV04. After a 40 min incubation at 37°C SDS gel sample buffer was added and the equivalent of 15 testes was loaded per lane of a 10% SDS-PAGE gel. In some experiments, testes without apical ends were solubilized directly in SDS gel sample buffer. For comparison, we resolved embryo extracts prepared as described in Edgar et al. (1994b) in parallel lanes. Embryos synchronized in mitosis 14 were obtained by inducing the expression of a heat-inducible string transgene (Hs-stg) in the background of homozygous string mutant embryos (stg7Blstg7B). Embryos synchronized in the G2 phase of cycle 14 were homozygous string mutant embryos. Immunoblotting with a monoclonal antibody against the PSTAIR motif present in Dmcdc2 kinase was done as described by Knoblich and Lehner (1993) .
Immunojluorescence and cytological analyses of testes
Whole mount-labelling of testis with anti-cyclin A antibodies were done as described by Giinczy et al. (1994) . However, instead of immunocytochemical detection, we used indirect immunofluorescence.
Affinity purified antibodies against cyclin A (Lehner and O'Farrell, 1989) and Cy3-conjugated goat anti-rabbit antibodies (Jackson) were both used at a dilution of 1:600. Whole mountlabelling with monoclonal anti+tubulin antibodies (Amersham) were not successful. We therefore used the protocol of Cenci et al. (1994) for double-labelling squash preparations of testis with anti-#J-tubulin and anti-cyclin A antibodies. Both primary antibodies and both secondary antibodies (rhodamine-conjugated goat anti-mouse IgG and fluorescein-conjugated goat anti-rabbit IgG, Jackson) were used diluted 1:600. The fixation protocol used for squash preparations resulted in poor morphology in phase contrast microscopy. Excellent morphology, however, was obtained with unfixed squash preparations of testes which also allows visualization of DNA with Hoechst 33342. For these preparations, we used the protocol of Fuller (1993) which is described in detail in Gonczy et al. (1994) .
For the analysis of Dmcdc2tS mutant testes at the restrictive temperature, we transferred newly enclosed males, which had been raised at 18°C to either 27°C or 29°C for 5-6 days before dissection of testes. For the temporal analyses, we analyzed testes after 0, 1, 2, 3, 4 and 5 days of incubation at 27°C. For each time point, 10 testes were analyzed after squash preparation and fixation, and the number of cysts containing 16 cells with clearly postmeiotic features was determined. In two experiments, we found no such cysts O-2 days after shifting up the temperature, and 32/22 (experiment l/experiment 2) after 3 days, 54131 after 4 days, and 94164 after 5 days.
